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Abstract 
The paper presents an effect of fiber bending on sensitivity of long-period gratings (LPGs) to temperature and to surrounding 
refractive index (RI). The LPGs were manufactured by UV-exposure of hydrogen-loaded Corning SMF28 fibers and their 
annealing was followed by wet etching in hydrofluoric acid up to dispersion turning point (DTP) where the LPG shows the 
highest sensitivity. The LPGs were subjected to curvatures in range 0.8 to 4.8 m-1 when their temperature (T=20-100ͼC) and 
refractive index (RI) responses (nD=1 to 1.47) were measured. Bending sensitivity reaching 54 nm/m-1 has been obtained. It has 
been found that as a result of bending, coupling to asymmetrical cladding modes takes place. It results in the resonances 
increasing their depth and shifting towards longer wavelengths with bending. The bending effect also allows for post-fabrication 
tuning of the LPGs working at DTP. The LPGs with bending-modified temperature sensitivity up to 0.54 nm/ͼC have been 
shown. The method can also be applied for tuning of RI sensitivity of the LPGs. 
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the scientific committee of Eurosensors 2014.  
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1. Introduction 
Long-period gratings (LPGs) are fiber devices based on periodical modulation of refractive index of fiber core 
[1]. Due to many advantages, which include simplicity of fabrication, low insertion loss, no back reflection, and 
small sizes, they have become popular for applications in fiber-optic communication systems and sensing devices 
[2]. The sensing applications of LPGs typically include refractive index (RI) [3], temperature [4], strain [5] and 
pressure [6] measurements. It has been found that the highest sensitivity to most of the measurands can be obtained 
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when an LPG works at a dispersion turning point (DTP) of the higher order cladding modes [2]. Since fabrication 
repeatability is limited, especially critical for obtaining the DTP, precise reduction of fiber cladding [7, 8] and tuning 
by other external influences, e.g., by temperature in case of pressure measurements [6], were shown.  
In this paper the possibility of LPGs sensitivity modification by bending is investigated. There are several 
methods to improve the LPG sensitivity, e.g., by deposition of a thin overlay on the LPG [9], reduction the LPG 
period [2] or fiber cladding diameter [7], as well as bending the fiber during the LPG fabrication [10]. In this work 
we focus on the temperature and refractive index sensitivity modified by post-fabrication bending.  
2. Experimental details 
2.1. LPG manufacturing 
The LPGs were manufactured by UV-exposure of germanium-doped Corning SMF28 single-mode optical fiber. 
High pressure hydrogen loading has been used to increase photosensitivity of the fiber [11]. The LPGs were 
fabricated by UV irradiation of 4 cm-long fiber section with KrF excimer laser through chromium amplitude mask 
with a period (Λ) of 226.8 μm. After the UV-writing, the LPGs were annealed in 150 °C for 3 hours in order to 
release the hydrogen, and thus to stabilize the properties of the gratings [12].  
2.2. Wet etching up to DTP 
Immersing an LPG in a highly concentrated HF (40 %) and subsequently in a HF buffer (6 to 1 volume ratio of 
40 % NH4F in water and 49 % HF in water) has been used to reduce diameter of the fiber [7]. First, the LPGs were 
etched in the concentrated HF for 30 seconds and then rinsed in deionized water, then the transmission spectrum of 
the LPGs was investigated in order to determine a shift of the resonance wavelength induced by etching. This 
process cycle was repeated several times to achieve the DTP at λ~1600 nm. Just before achieving the DTP, the 
etching solution was changed to the HF buffer in order to increase precision of the process control in determination 
of the resonant wavelength of the LPGs. The spectral response of the LPGs was investigated in wavelength range 
from 1100 to 1650 nm using Yokogawa AQ6370B spectrum analyzer and Yokogawa AQ4305 white light source. 
2.3. LPG measurements 
The RI sensitivity was measured by immersing the LPGs in a mixture of water and glycerin with nD in range 
from 1.33 to 1.45 RI unit (RIU). The RI of the liquids (next) was measured using automatic refractometer AR200 
(Reichert Technologies, NY, USA). Between the immersions, the LPGs were rinsed with deionized water and then 
dried in air. The bending sensitivity has been investigated for curvatures up to 3 m-1. For this experiment the LPGs 
were installed between two translation stages. Spectral responses of the LPGs have been measured also to 
temperature in range from 20 to 100 ⁰C. Sensitivity of the LPGs was calculated as resonance wavelength shift 
induced by variation of measurands in their specified range.  
3. Results and discussion 
The effect of bending on the LPG transmission spectrum when the sample is surrounded by air (next=1) is shown 
in Fig. 1. The conditions for this grating to work at DTP are fulfilled for the resonance at λ~1600 nm. For this 
resonance the bending sensitivity reaches 54 nm/m-1, which is two times higher than for the resonance appearing 
with bending at lower wavelengths λ~1250 nm (Fig. 1b). Bending sensitivity depends on the elasto-optic properties 
of the core and cladding as well as on mode order [2]. The appearing resonance is an effect of coupling of a core 
mode to a asymmetrical cladding mode. When the LPG is bent, the resonances coming from coupling of the 
symmetrical cladding modes experience a shift in wavelength, reduce their depth and their attenuation band 
broadens. When the LPG works at the DTP only, a shift in resonance depth can be seen (Fig. 1a), but when bending 
is applied the resonance experiences a separation into two resonances (only left is observed at λ~1550 nm) that shift 
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in wavelength (Fig. 2a). These resonances allow for measuring temperature with sensitivity up to 0.54 nm/ʹC, when 
proximity to DTP is reached again (Fig. 2).  
 
a) 
 
b) 
 
Fig. 1. Effect of bending given in m-1 on (a) LPG transmission spectrum and (b) corresponding resonance wavelength shift. The measurements 
were taken at room temperature and next=1 (air). 
a) 
 
b) 
 
Fig. 2. Effect of temperature on (a) LPG transmission spectrum and (b) corresponding resonance wavelength shift. The measurements were taken 
in air (next=1). 
a) 
 
b) 
 
Fig. 3. Evolution of LPG response with next  where (a) shows LPG transmission spectrum at bending of curvature 2 m-1 and (b) shows comparison 
of resonance wavelength shift with and without bending. The measurements were taken at room temperature. 
An influence of variation in the next on the transmission spectrum for bent LPG (curvature of 2 m-1) is shown in 
Fig. 3. For the needs of this experiment we investigated another LPG which shows DTP when next=1.333 RIU. It can 
be seen that increase in the next induces a blue shift in the resonance wavelengths (Fig. 3a). The effect of bending on 
RI sensitivity is also visible for resonance at λ~1250 nm, which appeared after bending. For this resonance the RI 
sensitivity reaches -167 nm/RIU. Moreover, for the resonance at λ~1600 nm the RI sensitivity is only slightly 
improved (Fig. 2b).  
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Generally the effect of bending on temperature and on RI sensitivity of the LPGs highly depends on DTP 
conditions achieved by post-fabrication wet etching. In this work we have characterized two structures experiencing 
DTP in air (Fig. 1 and 2) and in water (Fig. 3). The LPGs working at different DTP conditions show different 
sensing properties. These conditions can be also influenced by LPG bending and thus a change in RI and 
temperature sensitivity is obtained. The reason of the RI sensitivity modification after bending has been also 
explained by a change in the incident angle at the cladding-external medium interface [10]. When the fiber is bent 
the incident angle, related to the considered cladding mode, increases and approaches the critical angle. This effect 
increases the penetration depth of the evanescent wave related to the coupled mode and, in turn, increases the 
amount of optical radiation that interacts with the external medium [10].  
4. Conclusions 
This work discusses the effect of bending on sensitivity of LPGs working at DTP. The bending sensitivity 
reaching 54 nm/m-1 can be achieved for such conditions. Moreover, the possibility of temperature and RI sensitivity 
tuning by LPG bending has also been investigated. The results have shown that after LPG bending, slight tuning out 
of DTP can be obtained and thus temperature sensitivity can be increased up to 0.54 nm/ͼC. Moreover, as a result of 
bending, the additional resonances appear that can be also used for the sensing purposes. The bending effect can be 
then applied for post-fabrication tuning of sensing properties of highly sensitive LPGs.   
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